Electrical excitability derived from voltage-dependent ion channels is a fundamental biological phenomenon that underlies key physiological events, including cellular communication, information coding, motility and sensation. Few mechanisms can endow a membrane protein with the ability to respond to changes in the transmembrane electric field. As predicted in an early study 1 , these mechanisms are associated with the reorientation of a set of fixed charges (or dipoles) that respond to changes in transmembrane voltage. Indeed, the rearrangement of these fixed charges has been measured experimentally as a nonlinear capacitive current (the gating or sensing current) 2 -an electrical expression of the conformational changes associated with the activation of the voltage sensor.
a r t i c l e s
Electrical excitability derived from voltage-dependent ion channels is a fundamental biological phenomenon that underlies key physiological events, including cellular communication, information coding, motility and sensation. Few mechanisms can endow a membrane protein with the ability to respond to changes in the transmembrane electric field. As predicted in an early study 1 , these mechanisms are associated with the reorientation of a set of fixed charges (or dipoles) that respond to changes in transmembrane voltage. Indeed, the rearrangement of these fixed charges has been measured experimentally as a nonlinear capacitive current (the gating or sensing current) 2 -an electrical expression of the conformational changes associated with the activation of the voltage sensor.
Initial examination of the first amino acid sequence of voltagegated channels suggested that they were assembled from two separate domains: a VSD comprising four transmembrane helices (S1-S4) and a pore domain (helices S5 and S6) responsible for gate opening and ion selectivity [3] [4] [5] . In most voltage-gated channels, the S4 segment is decorated with four to eight basic amino acids (mostly arginines), a fact that made it a logical candidate to fulfill the requirements of the voltage sensor. Extensive site-directed mutagenesis experiments convincingly demonstrated the role of these S4 charges in sensing voltage 6, 7 . Evidence that the S4 physically moves in response to voltage changes came from a series of insightful experiments based on the reactivity of cysteine mutants to sulfhydryl-based chemical labels 8, 9 and voltage-clamp fluorometry measurements 10, 11 .
The mechanism of voltage sensing in excitable cells remains one of the most challenging subjects in modern biophysics. Yet, in spite of a great deal of progress derived from multidisciplinary approaches, defining this mechanism still requires high-resolution structures of VSDs in both the activated (up) and resting (down) conformations. Crystal structures of the voltage-dependent K + channels KvAP 12 and Kv1. 2 (refs. 13,14) and two prokaryotic Na + channels 15, 16 have clarified many of the basic concepts regarding the architecture of the VSD and its associated pore domain. On the basis of their voltage dependences, not surprisingly, these VSDs all appear to populate the same up-state conformation at 0 mV in the absence of an electric field at the crystal conditions. The down conformation has been vigorously pursued but has remained structurally unattainable.
The recent discoveries of voltage-sensing phosphatases (VSP) 17 and voltage-gated proton channels (Hv1) 18, 19 have revealed that VSDs are not exclusive to ion channels with canonical pore domains but can operate as independent functional domains. The voltage-sensitive phosphatase from C. intestinalis (Ci-VSP) has a PTEN-related phosphoinositide phosphatase 20 that is controlled by a standard VSD with high sequence similarity to the S1-S4 segments found in Na + and K + channels (Fig. 1a) . To addressvoltage-gated channels 17, 21 , and this behavior was fully recapitulated by the sensor alone 22, 23 . Yet, in comparison to VSDs from ion channels, the Ci-VSP's charge-voltage (Q-V) curve is greatly shifted to more positive potentials, with a half-maximal voltage (V ½ ) near +60 mV (ref. 17) (Fig. 1b) . A fortunate consequence of a shifted Q-V curve is that, in the absence of a membrane potential, Ci-VSD should stably populate the down conformation of the voltage sensor at 0 mV. Furthermore, the Q-V curve of Ci-VSP can be easily shifted left by neutralization of a basic residue at position 217 (refs. 23,24) (Fig. 1b) . Addition of an acidic residue (R217E) 25 generates a negative shift of ~120 mV in the hyperpolarizing direction (V ½ near −60 mV) and provides a straightforward strategy to stabilize the Ci-VSD up conformation, also at 0 mV (Fig. 1b) .
However, when exposed to long-term depolarization, VSDs transition to new 'relaxed' conformations of the up and down states (U R , D R ) 22 . In these states, the voltage dependence is sharply shifted toward negative potentials as a result of changes in the kinetics of charge return. Therefore, transitions to relaxed states occur in parallel to the standard voltage-driven D ↔ U equilibrium, according to a simple kinetic cycle (Fig. 1c) 22 . We wondered whether the long-term influence of 0-mV conditions would stabilize the relaxed states in Ci-VSD in our biochemical sample and determined the dependence of a steady-state prepulse on the V ½ of the Q-V curve (Fig. 1c) . The results indicated that the transition to the relaxed states appeared to take place at only large positive potentials. These results highlight the fact that the engineering of a local field through one particular residue in Ci-VSD allows the study of its canonical (D ↔ U) structural rearrangements at 0 mV.
Structure of Ci-VSD in its activated conformation
We crystallized Escherichia coli-expressed 26 Ci-VSD in complex with synthetic Fab as a crystallization chaperone, as previously described 27 . Ci-VSD R217E in complex with Fab 33F12_4 from two distinct crystallization conditions generated crystals that diffracted to resolutions of 2.5 and 2.8 Å ( Table 1 and Supplementary Fig. 1a-c) . We solved the essentially identical structures with different water molecules inside the voltage sensor by molecular replacement, using the Fab molecule, and refined them to R work /R free of 20.0/24.0 (2.5-Å data) and 21.2/26.4 (2.8-Å data). The Fab binds to an epitope formed by the S3-S4 loop and the top of S4 (Supplementary Fig. 1b) . We observed the head groups of three detergent molecules and a solvent molecule in the vicinity of the S3-S4 loop (Supplementary Fig. 1d ), results consistent with the hydrophilic environment anticipated around the extracellular surface.
The Ci-VSD R217E is arranged as an antiparallel four-helix bundle (Fig. 2a) , in agreement with the basic three-dimensional architecture of all known VSDs 12,14-16 . S1 is preceded by a short 3.5-turn amphipathic helix S0, and it is likely to be oriented parallel to the plane of the membrane. The relative alignment of helices S1-S4 sets up a fairly large water-filled extracellular cavity and a smaller opening on the intracellular side (Fig. 2b) . There are a total of five charges in Ci-VSD's S4 helix. The topmost, R217 (mutated to glutamate in this structure), points straight away from the outer vestibule and presumably engages in direct interactions with the lipid head groups. Electrophysiological evidence suggests that R217 does not contribute to charge transfer 28 , so we refer to it as R0. The putative gating charges are thus R223 (R1), R226 (R2), R229 (R3) and R232 (R4). The four gating charges appear to be stabilized by a combination of hydrogen-bonding and direct electrostatic ion pairing. R1 and R2 are in a fully extended rotameric conformation, pointing straight toward the extracellular vestibule (Fig. 2a) . From the two R217E structures, we identified five crystallographic waters in the external cavity, with two of them establishing hydrogen-bonding interactions with R1 (Fig. 2d) . There are only three obvious countercharges: D129 in S1 (D1) and D186 and E183 in S3 (D2 and E3, respectively). R2 is within 4.6 Å of D1 and is simultaneously in range for hydrogen-bonding with two waters (Fig. 2c,d ). R3 is located well within range (4.6 Å) of ion-pair interactions with D2, whereas R4 appears neatly intertwined between D2 and E3 (4.3 Å and 4.6 Å, respectively). Surprisingly, and despite the strong sequence and structural conservation with VSDs in K + and Na + channels, we see no viable countercharges in S2 of Ci-VSD, a result that points to an interesting heterogeneity in the way in which gating charges might traverse the transmembrane electric field in other VSDs.
In spite of being located on a standard α-helix, the slight bend and tilt of S4 place all four gating arginines along a remarkably straight line (Fig. 2c) . We argue that this has important implications regarding the potential mechanism of charge transfer, because the aligned a r t i c l e s npg a r t i c l e s R1-R4 charges appear to fit through an in-plane semicircular arrangement of hydrophobic side chains formed by residues I126, F161 and I190 (Fig. 2a) . This feature is the obvious equivalent of the so-called hydrophobic plug 29 or charge-transfer center 30 in K + channels, functioning as an effective dielectric barrier to the permeation of water and ions and defining the extra-and intracellular sides of the transmembrane electric field (Fig. 2b) . R3 is in the unique position of being in plane with the hydrophobic gasket, presumably at the center of the focused electric field, whereas both R1 and R2 are located well above, and R4 is below the gasket. A structural comparison of the up conformation of Ci-VSD with all existing voltagesensor structures provides key insights in relation to the general organization of the gating charges and countercharges. We performed backbone alignments of the S1, S2 and S3a helices from the currently available voltage sensor structures; these include VSDs from two distinct archetypes of K + channels (KvAP and Kv1.2 chimera) and two prokaryotic Na + channels (NavAb and NavRh) (Fig. 2e) . Beyond the decent agreement on the VSD scaffold, three main observations can be derived from this comparison. First, although all structures represent (in principle) the activated conformation of each sensor, there is a remarkable difference in the positions of the gating charges. Second, gating charges appear to follow a neat arched path, in which KvAP represents the topmost range of positions and Ci-VSD the bottom. Indeed, the distance between the R1 backbone of KvAP and Ci-VSD at activated states is ~21 Å, which is larger than the proposed conformation change for any VSD. Third, positional heterogeneity also extends to the number and placement of the putative countercharges that serve as electrostatic partners to the individual gating charges (Fig. 2e) . These countercharges are located throughout S1, S2 and/or S3 among different sensors, according to their propensity to establish stable ion pairings with selected gating charges. Because the heterogeneity between VSD a r t i c l e s systems could be larger than the extent of individual conformation changes associated with voltage gating, the present alignment suggests that caution must be taken in the direct comparison of structural information across VSD systems.
Conformational changes in a membrane environment
There is extensive evidence that the lipidic environment has a critical role in the conformation, stability and functional behavior of VSDs [31] [32] [33] .
To examine whether the crystal structures are a reflection of voltagedriven events in a biological membrane, we evaluated the conformation of the S3-S4 hairpin through site-directed spin-labeling EPR spectroscopy of membrane-reconstituted wild-type (WT) Ci-VSD and R217E. For this data set, we made all measurements in the absence of a membrane potential, so the spin-labeled sensors are expected to populate the up state in R217E and the down state for WT Ci-VSD. We purified 41 cysteine mutants covering the S3-S4 loop, S4 and S4-phosphatase linker ( Fig. 3a) in both the WT and R217E background, then spin-labeled and reconstituted them in liposomes (1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (POPC) and 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (POPG) in a 3:1 molar ratio 26 ). We focused on two types of dynamic EPR structural information: the spin-probe motional freedom, estimated from the inverse of the central line width of the first-derivative absorption spectra (∆H o −1 ), and the spin-probe solvent accessibility, evaluated by collisional relaxation methods (Fig. 3) . Here, nonpolar oxygen (ΠO 2 ) serves as a contrast agent to evaluate membrane exposure, whereas polar Ni(ii) ethylenediaminediacetic acid (ΠNiEdda) reports on the extent of aqueous exposure. The periodicity of ΠO 2 oscillations indicates the secondary structure of S4 as an α-helix, and low ΠNiEdda levels clearly define the boundaries of S4, both of which agree very well with the Ci-VSD R217E structure. These results suggest that the obtained Ci-VSD R217E crystal structure samples its native conformation in a biological membrane. Figure 3 The nature of S4 rearrangement in a lipid environment. (a) The Ci-VSD R217E structure is shown in ribbon representation with the region studied by site-directed spin-labeling EPR spectroscopy covering the S3-S4 loop and entire S4 and the S4-phosphatase linker colored in rainbow. Black dots indicate the residues modified by spin label. (b) Representative EPR spectra (n = 3) for the repeated residues of the S4-phosphatase linker (residues 241-250) on both Ci-VSD WT (black) and R217E (red) background. SL, spin label. (c) Mobility (top), oxygen accessibility (middle) and NiEdda accessibility (bottom) of WT (black) and R217E (blue). Regions with the most-interesting changes are highlighted by shaded areas and arrows indicating the direction of the changes: relative to the conformation of R217E, Ci-VSD WT has lower mobility in S4 region and S4-phosphatase linker (green), higher oxygen accessibility in the S4 transmembrane region (brown) and a simultaneous decrease in NiEdda accessibility at the top but an increase at the bottom of S4 (blue). Error bars, s.d. of three independently measured power-saturation experiments. 
npg a r t i c l e s
As a first approximation, the spectral data set of Ci-VSD WT ( Supplementary Fig. 2 ) confirms that it is similarly dynamic as the R217E mutant (Fig. 3b) , with the exception of gating charges R2, R3 and R4, which become further restricted in motion. This is accompanied by an increase in lipid exposure in the center of S4 (Fig. 3c) . Most importantly, aqueous accessibilities (ΠNiEdda) show simultaneous reduction at the extracellular end of S4 (residue 210) together with an increase at its intracellular end (residue 239) (Fig. 3c) . This ΠNiEdda boundary shift explicitly demonstrates the downward S4 helix movement between up (R217E) and down (WT) conformations. In addition, these accessibility changes suggest a modest vertical displacement (about one residue corresponding to ~2 Å).
Larger spectroscopic changes can be seen at the interdomain linker (after residue 236, not present in the R217E crystal structure). In particular, the lower ΠNiEdda accessibility and lower mobility show that residues 245 and 247 in the S4-phosphatase linker of Ci-VSD WT are probably involved in additional tertiary contacts (Fig. 3c) . The nature and extent of these changes are a clear demonstration of propagation of the S4 helix movement into the linker region.
Structure of Ci-VSD at rest
Although we followed a similar strategy to determine the structure of Ci-VSD WT in its down conformation, the crystallization proved to be a keen challenge (Online Methods). We ultimately created the working data set for Ci-VSD WT in complex with Fab 39D10_18 by merging eight fractional data sets. We solved the structure by molecular replacement and refined it to a final R work /R free of 26.9/30.3, including data to 3.6 Å for the nominal 3.8-Å data ( Fig. 4a and Supplementary  Fig. 3a,c) . In the down-conformation complex, the Fab binds to a different epitope formed by the external surface between S2 and S3.
We built the Ci-VSD WT structure at backbone level within the continuous electron density map (Fig. 4a) , assisted by the R217E structure. Initial analysis of the Ci-VSD WT structure revealed a similar scaffold as that of R217E mutant but with substantial changes associated with the conformation of the S3-S4 loop ( Supplementary  Fig. 4a ) and the addition of distinct electron density toward the intracellular face of the bundle (Fig. 4a and Supplementary Fig. 4a) . We interpreted the additional density as a short (2.5-turn) helix 34 corresponding to the interdomain linker that connects the VSD to the phosphatase. At the present resolution, however, crystallographic uncertainty associated with S4 registry needs to be addressed to fully interpret the substantial deviations from the R217E structure. Our repeated attempts to generate and identify electron density markers along S4 were unsuccessful, owing to large and systematic reductions in the quality and resolution of the Ci-VSD WT crystals (Online Methods). Therefore, we developed alternative lines of evidence in support of the present interpretation of the Ci-VSD WT electron density map.
First, EPR data demonstrated that gating charges R2, R3 and R4 in WT are shielded from membrane exposure (low O 2 accessibility) by strong tertiary contacts (low ∆H o −1 ). This limits the position of the S4 helix to only three possibilities inside the WT electron density map (Fig. 4b) : an up conformation (same S4 position as in the R217E structure), a three-residue downward movement of S4 (one 'click' down) or a six-residue downward movement of S4 (two clicks down).
Second, taking into account that in the Ci-VSD WT data the additional electron density from the S4-phosphatase linker includes all residues in the expressed Ci-VSD construct (up position 244) and reaches the reported N-terminal end of the phosphatase domain 35 , it represents a useful anchor not only for determining the registry of the S4 helix but also for modeling full-length Ci-VSP in future efforts. In the reference to the one-click down model, the hypothetical upconformation model shifts the S4 helix three residues upward and leaves unaccounted electron density after the last residue (244) around the S4-phosphatase linker ( Supplementary Fig. 4c-e) . Fitting the twoclick down model shortens the S3-S4 loop, which obviously deviates from the continuous electron density map of the loop ( Supplementary  Fig. 4b) , and positions residue R232 in a water-exposed environment (Fig. 4b) . The two-click down model is thus inconsistent with the strong tertiary contact derived from EPR spectroscopy.
Third, we addressed the crystallographic uncertainties directly by an independent computational method, molecular dynamic flexible fitting (xMDFF) for crystallography 36, 37 ( Supplementary  Fig. 5 ) to quantitatively evaluate explicit S4 positions within current experimental electron density maps. In addition, we generated potential structural models by gradual shift and rotation of the S4 helix from the up-conformation model to the two-click down model (in all, an ~10-Å vertical displacement and ~110° rotation). We independently refined each structural model and calculated two parameters for model evaluation: crystallographic R free value and correlation coefficient (CC) between the experimental density map of the S4 
and the calculated electron density from the refined model. The global R free minimum and CC maximum coincide in a region that unambiguously determines the most probable position of the S4 helix (Fig. 4b) . The resulting S4 position is three residues lower than that in the R217E structure, and R2, R3 and R4 are placed in a protein environment (away from lipids). This result is in excellent agreement with the one-click down model.
We argue that the one-click down model is the only compatible S4 arrangement to fit both the S3-S4 loop and S4-phosphatase linker in the electron density map, and it is supported by the xMDFF data. The model is also in agreement with the direction and modest extent of S4 displacement indicated by the shift in water accessibility (ΠNiEdda).
DISCUSSION

Molecular basis of gating-charge transfer in VSDs
The structure of Ci-VSD in its down state offers an opportunity to find long-sought answers to questions regarding the mechanism by which voltage influences the conformation of S4. This relative displacement of the S4 helix becomes apparent in alignment of the WT and R217E structures (Fig. 5a) : the displacement from the up to the down conformation is ~5 Å downward in every gating charge (including R0). There are no apparent changes in S4 α-helical secondary structure, and there is minimal angular reorientation in relation to S1-S3 during this conformation change. A helical projection of each gating-charge Cα of the WT and R217E structures reveals that this downward movement is accompanied by a counterclockwise rotation that varied between 48° and 75°, viewed from the extracellular side (Fig. 5b) . During deactivation, the movement of S4 is enabled by a simultaneous reorientation in the S3-S4 loop (Supplementary Fig. 4a ). This involves the limited unwinding of a short helical turn (residues 207-210) together with a sharp upward reorientation (6-8 Å) of most of the loop residues.
The nature of the S4 movement described above places the Cα of each individual up-conformation arginine essentially in the same position as the following arginine of the down conformation (three residues away, sequence-wise). This way, an ~5-Å one-click charge displacement (Fig. 5a) is achieved in relation to the hydrophobic gasket. In this gating click, S4 charges transition from a position with electrostatic partners R1-D1, R2-D2 and R3-E3 in the down state (with R4 fully solvated by water) to one in which the pairings are R2-D1, R3-D2 and R4-E3 in the up conformation. R1 thus pushes into the external cavity and becomes fully hydrated. Neither the hydrophobic gasket nor the countercharges in S1 and S3 display sizable changes during S4 movement.
The S3 segment itself does not appear to move substantially nor does its overall conformation appear to be affected by the movements in S4. From a mechanistic standpoint, the present structures and associated conformational rearrangements provide no evidence for a 'paddle'-like correlated movement of the S3-S4 hairpin 38, 39 . In fact, the movements described above are a straightforward representation of the classic 'helix-screw' or 'sliding-helix' concepts independently proposed 40, 41 more than 25 years ago.
The presence of the interdomain linker at the intracellular base of the down conformation of Ci-VSD can serve as a reference point to evaluate the process by which S4 movement triggers downstream rearrangements in the phosphatase domain. Yet, in spite of its higher resolution and the same interaction in crystal lattice, the upconformation Ci-VSD structure offers no clues as to the structure and overall conformation of the linker (residues 237-244). Nevertheless, we could partially address this question by comparing the Ci-VSD linker conformation with those found on full-length ion channels. Ci-VSD in the down conformation superposed on VSDs from Kv1.2 and NavAb in their up conformation, with an r.m.s. deviation of 1.1 Å on the backbones of S1, S2 and S3a helices (Fig. 5c) . Although the orientation of the S4-S5 linker relative to the aligned sensors is the same for NavAb and Kv1.2, the Ci-VSD WT linker swung some 30° (clockwise) and shows an average ~2-Å downward displacement relative to the S4-S5 linker. It is interesting that the vertical difference at the end of S4 between the activated sensors (NavAb and Kv1.2) and the resting sensor (Ci-VSD WT) is ~5 Å (Fig. 5c) . This difference coincides with the extent of conformation change between the up and down state of Ci-VSD (Fig. 5a) . We suggest that this downward reorientation could represent a physiologically relevant linker npg a r t i c l e s movement and provide a useful window into the putative structural rearrangements that take place during electromechanical coupling.
Electrostatic consequences of S4 movement
Beyond the backbone motion, side chain orientation also indicates interesting details regarding the mechanism of voltage sensing. Superposition of all gating-charge residues from the 2.5-Å R217E crystal structure at the backbone level reveals a remarkable rotameric behavior: along the S4 helix, from R1 to R4, arginine side chains undergo a downwards reorientation (up to ~7 Å) as they first interact and then cross the hydrophobic gasket (Fig. 6a) . A survey of the existing high-resolution VSD structures suggests that this appears to be a common characteristic of sensor arginines ( Supplementary  Fig. 6 ). Hence, we propose that this rotameric reorientation mechanism could be an additional contributor to the total gatingcharge translocation in VSDs.
To better evaluate the structural rearrangements informed by the down and up Ci-VSD conformations, we modeled the full complement of side chains in the down structure to generate all-atom models for both Ci-VSD WT and R217E, both of which are stable after an ~105-ns molecular dynamics (MD) simulation in explicit membrane and solvent (Fig. 6b) . We set out to determine, on the basis of the all-atom models, the amount of charge transferred by the one-click gating rearrangement from the average displacement charge difference ∆Q d between two conformations (the Q-route formalism 42 ). We calculated the time-averaged displacement charge during 20 ns of simulation at each of three transmembrane potentials (−100, 0 and +100 mV) (Fig. 6c) . From these calculations, we estimated the magnitude of the calculated gating charge at 1.2 ± 0.2 e o , remarkably close to the expected value from gating-current measurements (~1 e o ) 17, 22 . The present calculation is an indication that the one-click charge translocation is able to account for the transfer of at least one electronic gating charge, results in agreement with the characteristic shallow voltage dependence of Ci-VSD (Fig. 1b) 17 .
Implications for the general gating mechanism in other VSDs
It seems to be generally agreed that, in spite of long evolutionary distances and the obvious differences in structure and functional set points, voltage sensing in VSDs is based on a common structural blueprint. The determination of the crystal structures of Ci-VSD in the up and down conformations reveals an explicit mechanism of voltage activation that recapitulates the basic tenets of the helical-screw or sliding-helix models 40, 41 in voltage-sensing phosphatases. But is this mechanism an effective model to understand ion channel-based electrical excitability?
A quick survey of the voltage dependence of ion channels, proton channels and voltage-dependent enzymes illustrates the large heterogeneity that exists in regards to the estimated charge transferred (z o from ~1 to ~3.6 e o per VSD) and the amount of energy required to activate the system (V ½ from −120 to +80 mV). We point out that the key mechanistic differences in regards to voltage sensing are likely to be derived from heterogeneity in gating-charge positions in the VSD scaffold and their interactions with the coevolved countercharges. These interactions define not only the overall transferred charge required for function but also the extent of S4 movement needed to fulfill a given charge translocation.
Several lines of evidence suggest that relatively modest S4 movements such as those observed in Ci-VSD conform to the extensive experimental data that exist for voltage-gated channels. Most of the available cysteine reactivity data (surveyed in ref. 43) can be readily accommodated with S4 movements in the vicinity of 5 Å. In addition, distance estimations on Shaker R1 from tethered charges of different length suggest that S4 moves ~4 Å (ref. 44) . The present gating model is also compatible with recent luminescence resonance energy transfer and fluorescence data 45 . 46) ). In addition, direct electrostatic interactions have been identified between R1 and F194 in S3 (bridge 4 (ref. 30) ). Taking as a reference Ci-VSD residue R223 in S4 as the functional equivalent of Shaker R1, we tested the compatibility of these distance constraints with the up and down Ci-VSD structures (Fig. 6d) . When evaluated on the R217E structure, the observed distances exceeded 10 Å, well beyond the range for cysteine-driven Cd 2+ bridges. But when we carried out the same exercise on the WT (down) structure, all distances were within the experimental range of Cd 2+ bridges. The compatibility of bridge 3 with both up and down structures is expected, because the relative positions of S2 and S3 do not change during gating.
In order to account for the three or four electronic charges needed to gate Shaker (and other K + channels), we can interpret our structures in two different contexts. On the one hand, it is possible that Ci-VSD undergoes a larger motion than what is reflected in the present crystal structures. In this case WT Ci-VSD would represent an intermediate state on its way to the down conformation. The limited changes in accessibility from EPR experiments of membrane-embedded Ci-VSD tend not to support this option. On the other hand, an alternative possibility is that, despite sharing a similar helical-screw mechanism, the S4 helices in voltage-dependent channels would move further than that in Ci-VSD to accommodate the additional charge transfer. For instance, a two-click gating motion would extend the movement of S4 to ~10 Å and its rotation to 110-180°, an option supported by recent metal ion-bridge experiments 47 . Indeed, a comparison of the WT Ci-VSD structure to that of computationally derived down conformations 48, 49 requires an additional 8-Å to 10-Å displacement to match the gating charges. This suggests a larger sliding-helix movement for voltage-gated channels. However, very recent experiments with chimeras of Ci-VSD and the viral K + channel Kcv beautifully show that voltage-dependent rearrangements of Ci-VSD, putatively a one-click sensor, are sufficient and necessary to gate a K + -selective pore 50 .
Our structures are incompatible with data supporting simple 'field-rearrangement' models, in which S4 movement is minimal 51 . Similarly, fluorescence data predicting ~180° S4 rotations 52 would require two or three additional gating-translocating clicks to comply with this rotational flip. The overall exposure of S4 to the lipid environment is incompatible with the original description of the S4 'gating canal' 8 or canaliculus 53 . Finally, observations in support of very large S4 movements from biotin-streptavidin trapping experiments 38, 39 or mass-tagging approaches 33, 54 require separate consideration 55 , given the present lack of evidence for the functional existence of an S3-S4 paddle.
In summary, we suggest that voltage-dependent activation in Ci-VSP is best illustrated through the basic diagram in Figure 6e . Upon depolarization, the S4 segment undergoes an ~5-Å outward translation along its main axis in concert with an ~60° clockwise rotation. As a consequence, linearly aligned gating charges R1-R4 undergo a one-click displacement that translocates R2 through a dielectrically tight hydrophobic gasket, while exchanging electrostatic partners with countercharges D1, D2 and E3 in helices S1 and S3. As S4 translocates, the flexible arginine side chains in R2 and R3 npg a r t i c l e s putatively undergo a rotameric upward flip that potentially contributes to the charge transfer process. We propose that relatively subtle variations of this general mechanism should help explain voltagedependent activation in many excitable systems.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Coordinates and structure factors have been deposited in the Protein Data Bank under accession codes 4G7V (2.5-Å data for R217E mutant), 4G7Y (2.8-Å data for R217E mutant) and 4G80 (3.8-Å data for WT).
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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AUtHoR ContRIBUtIonS
The Ci-VSD WT 106-244 with Fab 39D10_18 complex was purified in 20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM LDAO and 2 mM DM. Crystals were grown by hanging-drop vapor diffusion at 20 °C, with mixture of equal volumes (0.1-2 µL) of protein and reservoir solutions. Crystals were grown with a reservoir solution of 0.1 M Na citrate, pH 5.5, 0.1 M Li 2 SO 4 , 20% PEG 1000, and 10% glycerol. Crystals were of space group P1 with cell dimensions a = 77.3 Å, b = 94.2 Å, and c = 193.9 Å; α = 102.6°, β = 93.5°, and γ = 105.3° and contained four Ci-VSD WT and Fab complexes in the asymmetric unit (Supplementary Fig. 1b) . Cryoprotection was achieved by increasing glycerol concentration to 5%.
Data collection. All data were collected at the Advanced Photon Source synchrotron (beamlines 24-ID-E, 24-ID-C, 23-ID-B or 23-ID-D) under a nitrogen stream at 100 K and processed with HKL2000. For the Ci-VSD R217E-33F12_4 complex, a single-rod (needle)-shaped crystal (~20 µm × 30 µm × 100 µm dimension) was used to collect the complete data set by continuous vector-scan collection with a 20-µm microfocused beam. For the Ci-VSD WT-39D10_18 complex, P1 space group crystals contained multiple lattices. Owing to the small size (~10 µm × 40 µm × 50 µm dimension) and weak diffraction of the crystals, data had to be collected without attenuation for at least a 2-s exposure per frame to obtain the highest resolution. Only partial data sets (~20-60% completeness) could be collected from single crystals, owing to severe radiation damage. Overall, 40 fractional data sets of ~3.6-4.5 Å were collected and processed from >1,000 screened crystals. From these, a total of eight fractional data sets were compatibly merged into a nominal 3.8-Å data set. The unit-cell dimensions and angles for the merged data set were adjusted to the average values from the eight individual sets with ~1.5-Å deviation on dimensions and ~1° on angles.
Structure determination. The final Ci-VSD R217E structures were refined to R work /R free = 0.173/0.236 (for 2.5-Å data set with Ramachandran statistics of 97.0% favored, 2.5% allowed and 0% outlier) and R work /R free = 0.173/0.261 (for 2.8-Å data set with Ramachandran statistics of 92.1% favored, 7.3% allowed and 0.5% outlier) containing residues 101-236 for Ci-VSD R217E. The side chains are well resolved throughout the Ci-VSD R217E-33F12_4 complex including the voltage sensor as shown by the 2F o − F c electron density map at 2.5-Å resolution (Supplementary Fig. 1b,c) .
Phases for the Ci-VSD WT-39D10_18 data were determined by molecular replacement with the Fab and Ci-VSD R217E as search models. As the electron density improved after iterative adjustment and refinement, differences between the Ci-VSD WT electron density map and the search model became evident. Starting from residues 200 in the S3-S4 loop (Supplementary Fig. 4a ), these discrepancies could not be matched by simple backbone adjustment, and as a consequence, all residues from the loop to the end of the protein were trimmed and rebuilt. Several obvious electron density 'knobs' helped position a series of adjacent bulky residues (F199, Y200, E205 and R223; Supplementary Fig. 4a ). Aided by density modification and B-factor sharpening 58 , the WT model was built to residue 244, the last amino acid of the construct used for crystallization. This density extends considerably beyond the last visible residue in the Ci-VSD R217E structure (residue 236), which is part of a short helix that represents the linker between the VSD and the phosphatase domains. Four-fold NCS with strict backbone and moderate side chain was imposed separately on the three individual domains: Ci-VSD WT, the variable domain of Fab and the constant domain of Fab. The WT model was refined to R work /R free = 0.248/0.292, including data to 3.6-Å resolution (I/σ I = 1.0 with 83% completeness at highest shell). Stringent geometric constraints on bond length and angle were imposed at the last stage of refinement to improve the quality of the structural model. The Ramachandran statistics of the final model are 93.8% favored, 5.7% allowed and 0.5% outlier.
In the down-conformation sensor structure, there are four Ci-VSD WT-39D10_18 complexes in the asymmetric unit of the P1 space group. The major differences among the four copies result from the flexibility between the individual domains (up to 12-Å deviation at the constant domain of the Fab when aligned at Ci-VSD WT; Supplementary Fig. 3d) . The constant and variable domains of the Fab are essentially identical (Supplementary Fig. 3d) . The four copies of the Ci-VSD WT are also identical, except at the interdomain S4-phosphatase linker, which is present in only three out of four copies (Supplementary Fig. 3e ). This heterogeneity suggests an intrinsic structural diversity of the linker region, because the S4 helices in all four Ci-VSD WT copies experience the same dimer-interface interactions in the crystal lattice.
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In contrast, no linker is visible at even higher resolution (2.5 Å) in the Ci-VSD R217E structure. This comparison points to the intrinsic dynamics of the interdomain linker; that is, the linker is relatively more stable in the down state in Ci-VSD WT than in the up state in Ci-VSD R217E.
Additional electron-marker strategies in the Ci-VSD WT complex. In an attempt to improve the diffracting properties of the Ci-VSD WT crystals, we carried out a sustained and extensive exploration of additional conditions, including different antibodies, various truncations of the Ci-VSD, further detergent addition and additive screening. These attempts proved unsuccessful in improving the resolution of the Ci-VSD WT data past 3.6 Å. Subsequently, we focused our efforts to place an electron density marker on the S4 of Ci-VSD WT as a way to additionally confirm the S4 helix position. The approaches were carried out through either mercuric compound labeling on engineered cysteine residues or SeMet incorporation through engineered methionines.
For mercury modification, two extra single cysteines were introduced at positions 218 and 228 on Ci-VSD WT 106-244 . These single-cysteine Ci-VSD mutants generated similar crystals as did native WT. Four mercury-containing compounds (mercury(ii) chloride, methyl mercury chloride, ethyl mercury chloride and p-chloromercuribenzoic acid) were added to Ci-VSD cysteine mutant at various stages of the crystallization process: before complex with antibody; during cocrystallization or soaking; or after crystallization by application of labeling powder directly onto the crystal drop. 5-min soaking with 1 mM mercury(ii) chloride severely compromised diffraction properties without any noticeable changes in crystal size or shape. We were able to obtain several data sets (4.1-4.5 Å) by cocrystallization with up to 2 mM methyl mercury and ethyl mercury. However, we found no mercury signal on either difference or anomalous maps. Cocrystallization at higher mercury concentrations (>5 mM) failed to produce crystals. Ci-VSD single-cysteine mutants were also modified by mercurycontaining compounds and purified before formation of the antibody complex. The resulting crystals were much smaller than native crystals and never diffracted better than 5 Å. We were able to collect a 6.5-Å data at 85% completeness from a single crystal. Even though the X-ray fluorescence confirmed the existence of mercury in the crystal, no mercury signal was present in either the difference or anomalous map. These data point to an intrinsic inability to generate Ci-VSD WT diffracting crystals in the presence of a wide range of mercury modifications.
As an alternative, two additional single methionines were introduced at positions 218 and 228 on Ci-VSD WT 106-244 for SeMet incorporation. The crystals from methionine mutants with 39D10_18 Fab were smaller and softer than native WT crystals and were stable for only ~4-5 d before gradually fading away. Nevertheless, X-ray fluorescence and edge scanning confirmed successful selenium incorporation in the crystals. Inconveniently, they diffracted far worse than did the native crystals. After screening ~300 SeMet crystals, we managed to collect, at best, a 7-Å data set from Ci-VSD 218M-39D10_18 complex with 80% completeness, and its anomalous map contained only one confident methionine M133 on the S chain among 28 potential sites within four copies of the complex in the whole ASU. We attempted to improve the anomalous data by merging different data sets with improved statistics (including completeness, resolution, and I/σI) and satisfactory R merge , but the resulting electron density map (2F o − F c ) was always worse than the starting partial data. Direct comparison of asymmetric units of four partial low-resolution (~6.5-Å to 7.5-Å) data sets revealed considerable crystal heterogeneity. Within ~2% variation on cell dimensions and angles of the P1 space group, the protein backbone could deviate up to 7 Å among the different models, a fact that explains our inability to merge low-resolution data. Because the SeMet-incorporated crystals diffracted to only ~5-6 Å, and the heterogeneity of the crystals at low resolution prohibited data merging, and the only possibility of success relied on the use of single SeMet crystals to collect complete data, a condition that was not achieved even with standard WT crystals.
Given our unsuccessful attempts to carry out an electron-marker strategy with both mercuric-compound modification and SeMet incorporation, it is reasonable to believe that we have explored the limits of crystallization of the Ci-VSD WT-39D10_18 complex by different methods. This suggests that the quest for higher-resolution Ci-VSD WT data will probably require a restart of our entire crystallization approach. S4 position in low-resolution crystallographic data by MD flexible fitting. We used a new computational approach, termed xMDFF, for reconstructing all-atom structures from low-resolution X-ray diffraction data. xMDFF is derived from the highly successful molecular-dynamics flexible fitting (MDFF) methodology, which solves atomic models of biomolecules imaged by cryo-EM. In the MDFF method, an initial atomic model is subjected to a molecular-dynamics simulation with a modified potential-energy function that includes a term derived from the cryo-EM density map 36, 37 . Through this term, atoms experience steering forces, f fit , that locally drive them toward high-density regions, thereby fitting the atoms to the map. For use with low-resolution X-ray crystallography, the MDFF protocol is modified to work with densities derived from molecular replacement, which uses the phases φ from a tentative model and the amplitudes |F| from the X-ray diffraction data (Supplementary Fig. 5a,b) . The densities are 2mF o − DF c maps created with the Phenix suite 59 . Next, the tentative model is flexibly fitted into the electron density map with MDFF. In addition to the steering forces derived from the density data, structural restraints are applied to preserve secondary structure of proteins and nucleic acids 36, 37 as well as to ensure stereochemical correctness 60 , thus avoiding overfitting of the model into the map. With phases from the fitted structure and experimental diffraction amplitudes, the electron density is regenerated. The MDFF-fitted structure is then used as an updated model to be fitted to the new map. This way, given the X-ray diffraction amplitude, calculations for updating the electron density map and generating the atomic model will iteratively refine the unknown phase angles. Phase improvement is indicated by a decrease in R factors with subsequent iterations. These iterations continue until the R free /R work reaches a minimum or becomes lower than a predefined tolerance.
The xMDFF methodology has been tested for six low-resolution (4-Å to 4.5-Å) protein structures of varying sizes (Supplementary Fig. 5c ). An improvement in the R free and R work over and above those reported experimentally is observed in almost all the cases. Furthermore, consistently low MolProbity 61 scores and close R free and R work values suggest minimal overfitting in the predicted all-atom geometries. Next, xMDFF was applied to solve the structure of Ci-VSD with 3.6-Å and 4-Å data. Refinement started from a medium-confidence homology model developed with information from 13 proteins. During refinement, the tentative model underwent a remarkable large-scale deformation with an r.m.s. deviation of 5 Å. Unlike many traditional refinement techniques, xMDFF is able to handle these large-scale structural deformations between the initial and final structures. It produced a final R free of 0.27, starting from the initial 0.46. Positioning of the S4 helices is in excellent agreement with the WT structure independently predicted from experiments, with an r.m.s. deviation ranging from 0.4 to 1 Å. EPR spectroscopy. Details of purification, reconstitution and EPR spectroscopy analyses of single Ci-VSD cysteine mutants has been described previously 3 . Here, 41 Ci-VSD 1-260 single-cysteine mutants comprising residues 200-250 on both WT and R217E backgrounds were purified, spin-labeled with (1-oxyl-2,2,5,5,-tetramethylpyrrolidin-3-yl) methyl methanethiosulfonate and reconstituted into POPC/POPG 3:1 liposomes. Continuous-wave EPR measurements were done according to a standard protocol [11] [12] [13] . The mobility (∆H o −1 ), NiEDDA accessibility (ΠNi) and oxygen accessibility (ΠO 2 ) were obtained from power-saturation experiments to deduce the dynamic and structural information of membraneembedded Ci-VSD.
Molecular-dynamic simulations.
A total of four all-atom molecular models of the Ci-VSP voltage sensor were built in an explicit POPC membrane environment with CHARMM-GUI 62 : one of the down state (WT), one of the up state (R271E), and one of each of those two states with only those residues (residues 106-236) resolved in both crystal structures. The two 'overlap' structures were precisely identical in atomistic composition. In both up-state systems, the R217E mutation was reversed in silico. Proteins were initially placed in the membrane according to established positioning for the up 63 and the down states 48 of the voltage sensor. The CHARMM36 parameter set 64 was used for lipids, CHARMM22 with CMAP corrections for protein 65 , and the TIP3P 66 model for waters. The total system size in each case was ~63,000-72,000 atoms including 150 mM KCl. Each of these four systems was run for 20 ns of molecular dynamics at 315 K with the NAMD 67 , with 2-fs time steps, periodic boundary conditions, particle-mesh Ewald electrostatics, and a 12-Å real-space cutoff. The full-length WT structure was run for a total 105 ns, with ANTON 68 , and the full-length up-state model for a total of 60 ns. Additionally, for both of the overlap structures, another 20 ns was performed for applied transmembrane voltages of +100 mV, 0 mV and −100 mV. Also, for the down-state system, npg another 95 ns of simulation was performed on ANTON 68 , with the CHARMM27 force field for lipids 69 .
Because the shortened up-state model and the down-state model represent different configurations of an identical atomistic system, they can be used to compute a gating charge 42 . Gating-charge calculations were done with the last 15 ns of each 20-ns simulation, for −100 mV, 0 mV, and +100 mV. For each of the two states of the system, the displacement charge was calculated from trajectories in unwrapped coordinates with the same charge offset 63 . To look at the interactions between arginine residues on S4 and their countercharges, the NAMD energy plug-in of VMD 70 was used to compute the electrostatic interaction energies between residues, with the CHARMM force field, for each frame of the molecular-dynamics trajectories: the 95 ns of ANTON trajectory for the down state and the second half of the 10-ns trajectory for the full up state.
